Lead poisoning in cattle and other food animals is of public health significance because of the potential for human exposure to lead through ingestion of contaminated meat and milk products derived from lead-poisoned animals. In Michigan, lead poisoning in livestock is a reportable disease, and positive cattle are quarantined until they test negative (Ͻ0.05 ppm blood lead). There is surprisingly little information on blood lead kinetics in cattle. The half-life has been variably reported as 9 weeks and 1-2 months. Because these data did not fit those obtained from cases received at the Michigan State University Animal Health Diagnostic Laboratory, a retrospective study was conducted to review all cases of accidental lead poisoning in cattle between 1990 and 1998. This information is needed to estimate when quarantined lead-poisoned cattle can be released. The results showed that the half-life of blood lead was quite variable and ranged from 48 to 2,507 days. The shortest half-lives (48, 56, and 57 days) were found in a lactating herd of 20-month-old heifers. The longest half-life, 2,507 days, was found in a 9-month-old castrated bull, which ingested a discarded automobile battery. Of the 24 animals monitored, only 8/24 (33%) had half-lives between 6 and 14 weeks. In conclusion, the half-life of blood lead is difficult to predict in accidental cases of cattle poisoning.
It is now known that lead stored in the bone compartment is slowly mobilized and excreted. Studies in humans have shown that lead stored in bone is actually present in at least 2 compartments: a relatively inert compartment for lead with a half-life of several decades and a labile compartment that permits equilibrium between bone and tissue lead. 13 In adult humans, 95% of total body lead is found in bones. In children, only 73% of total body lead is found in bones because the skeletal system is more metabolically active in children than in adults, and because bone tissue is less dense in children than in adults. 13 Lead is excreted through feces, urine, and milk. 6 Therefore, milk produced by lead-poisoned cattle could be a source of lead for humans. Preventing lead from contaminating the food chain requires that leadpoisoned animals be monitored before they are sent to market. In the state of Michigan, lead poisoning is a reportable disease. Cattle that test positive for lead are quarantined until they test negative (Ͻ0.05 ppm blood lead). Blood is a good indicator of recent lead exposure and is the most frequently used sample for monitoring lead status in cattle. 7 Despite the vast amount of information on lead poisoning in cattle, there is a significant lack of lead kinetics data for this species. This information is usually required by public health officials as a guideline to the monitoring process, because it is important to determine how long to keep positive animals under quarantine. The half-life of lead in blood of cattle has been reported as 9 weeks 6 and 1-2 months. 4 However, the blood lead half-life in some animals poisoned accidentally and received at the Ani-mal Health Diagnostic Laboratory (AHDL) differed significantly from that reported in the literature. Therefore, this retrospective study was conducted to review the disappearance of blood lead in animals handled through the AHDL at Michigan State University. The objective of the study was to determine the half-life of blood lead in cattle accidentally exposed to lead to address the needs of public health departments.
Materials and methods

Animals
Data from all accidental lead poisoning cases in cattle in the state of Michigan over a 9-yr period (1990-1998) that were presented to the AHDL were reviewed. The primary objective was to identify individual animals that had at least 3 separate blood samples so that a trend in the disappearance of blood lead could be established. During this period, 19 farms with confirmed cases of lead poisoning were identified. A total of 190 cattle tested positive, and 35 of these died of lead poisoning (18.4% mortality). Those that survived (81.6%) were not treated for lead poisoning and had their blood lead concentrations periodically monitored until they tested negative (Ͻ0.05 ppm). Of the 19 farms, only 6 had individual animals that met the criteria for inclusion in the study. The ages of the affected cattle ranged from 2 to 20 mo. Ten were males, and 14 were females. Of the 14 females, 3 were lactating. Because conditions and approach were different for each heard, the following is a summary of the history and materials and methods for each heard. Herd 1, 1994 . This herd contained 13 11-mo-old heifers. Three of the heifers died within 3-4 hr of initially showing clinical signs consistent with lead poisoning, which included ataxia. One heifer was necropsied at the AHDL. Blood samples were drawn from 10 surviving heifers for lead analysis. The property was also searched for possible sources of lead.
Herd 2, 1997 . Clinical signs of lead poisoning were observed in one 140-kg bull calf. The calf was ataxic and acted blind. It was kept with 27 other 4-mo-old bull calves. The affected calf died shortly after showing neurologic signs. Within 1 wk, a second calf that was penned with the calf that died displayed similar signs. Lead toxicosis was suspected, and the remaining 27 animals were tested for lead. The property was searched for sources of lead. Herd 3, 1992 . This herd contained 21 20-mo-old heifers, 3 of which were lactating. Three of the 21 heifers died acutely. One heifer was symptomatic, showing clinical signs consistent with lead poisoning, but recovered. Blood samples were taken from the entire herd and tested for lead. The property was searched for sources of lead.
Herd 4, 1998. Six 2-3-mo-old calves in a herd of 79 were found dead. Blood from the remaining 70 calves was tested for lead. Liver, kidney, and rumen contents from 1 calf were tested for heavy metals using inductively coupled plasma emission spectrometry a according to a previously published in-house protocol. 11 The property was searched for sources of lead. Herd 5, 1998 . This herd contained 13 9-mo-old castrated bulls. Two bulls died acutely after showing clinical signs consistent with lead poisoning. Another animal was acting blind and pressing its head. Temperature and pulse were determined on the blind bull. Necropsy was performed on the dead bulls to determine the cause(s) of death. The property was searched for sources of lead. Herd 6, 1998 . This herd contained 12 9-10-mo-old calves. The herdsmen doused the calves with crankcase oil from agricultural machinery to repel flies. Old rugs were soaked in used crankcase oil and hung in narrow paths where cattle were forced to pass. As the animals passed through the narrow passages, the oil-soaked rugs smeared their skins with the crankcase oil. Five animals died acutely with neurologic signs shortly after this technique was instituted. Rumen contents were tested for ammonia to rule out nonprotein nitrogen poisoning. Blood samples were taken from the 7 surviving calves for lead analysis.
Blood lead analysis
Blood lead analysis was done by Zeeman corrected graphite furnace atomic absorption spectrometry. b Blood was diluted 1:10 in Triton X-100 (0.5%) with 0.2% ammonium phosphate modifier in 0.2% nitric acid. The limit of detection was 0.05 ppm. To calculate the half-life of blood lead, the best-of-fit line of the semilog plot was generated using a computerized program, c and the half-life was calculated using the formula t 1/2 ϭ 0.693/slope. In cases where automobile batteries were the source of lead poisoning, blood samples were taken after the source was removed. This was not a controlled study designed to determine the toxicokinetics of lead in cattle but rather was a retrospective study of cases of accidental lead poisoning. Although this study was not controlled to enable the calculation of bioavailability and ␣ and ␤ half-lives of blood lead following rigorously timed blood sample collections, it provides answers to the questions raised.
Results
Herd 1, 1994 . At necropsy, parts of an automobile battery were found in the rumen of 1 of 3 dead heifers. An old discarded automobile battery was found on the property. Of the 10 surviving heifers tested for blood lead, 6 of these tested positive with concentrations ranging from 0.05 to 0.27 ppm. Blood lead values Ͼ0.35 ppm are diagnostic of lead poisoning in cattle. 7 Results shown in Fig. 1A summarize the kinetics of blood lead from 1 heifer, the only one that met the criteria for inclusion in this study. This heifer was asymptomatic and was monitored for a period of 6 months. The calculated half-life of blood lead was 140 days.
Herd 2, 1997. Of the remaining 27 bull calves tested for lead, 8 tested positive, with blood lead concentrations ranging from 0.05 to 0.89 ppm. A search of the property revealed a broken automobile battery to the north of the barn, which was accessible to the calves. Of the 8 animals that tested positive, only 2 met the criteria for inclusion in this study. All blood The 20-month-old heifers in herd 3 ingested parts of an automobile battery. The half-lives of blood lead ranged from 48 to 57 days in the lactating heifers and was 74 days in the nonlactating heifer. D. Of the 7 2-3-month-old calves in herd 4, 6 were female and 1 (᭝) was a male. These calves ingested parts of an automobile battery. Four of the calves had a short blood lead halflife, ranging from 74 to 118 days. Three of the calves, including the bull calf, had longer blood lead half-lives ranging from 195 to 308 days. The bull calf had the longest blood lead half-life (308 days). E. The 9-monthold castrated bulls in herd 5 ingested parts of an automobile battery. One bull calf had a shorter blood lead half-life of 143 days. The rest had blood lead half-lives ranging from 257 to 2,507 days. F. Of the 3 9-10month-old calves in herd 6, 1 (ⅷ) was male and the other 2 were females. These calves were doused topically with crankcase oil. The halflives of blood lead were similar among the 3 calves and ranged from 209 to 224 days. samples were taken after the offending battery was removed. The disappearance of blood lead from the 2 calves is illustrated in Fig. 1B . The calculated half-life was 66 days for 1 calf and 69 days for the other calf. Herd 3, 1992 . Of the 18 heifers tested for lead, 7 tested positive, with blood lead concentrations ranging from 0.05 to 1.03 ppm. An old broken battery was found on the property. Results of blood lead analyses for 4 heifers, which were monitored for about 9 months, are illustrated in Fig. 1C . The calculated halflife of blood lead was 48, 56, and 57 days in 3 lactating heifers and 74 days in the nonlactating heifer.
Herd 4, 1998 . Of the surviving 70 calves, 6 tested positive for lead, with blood lead levels ranging from 0.09 to 0.65 ppm. Lead concentration in the rumen contents of 1 calf was 2,720 ppm (normal is Ͻ2.0 ppm). Lead concentration in the kidney was 58.8 ppm wet weight, which is within the diagnostic range for lead poisoning (Ͼ5 ppm wet weight). 8 Liver lead concentration was 5.58 ppm wet weight, which is within the toxic range (Ͼ5 ppm wet weight). The presence of a toxic amount of lead in the kidney and liver confirmed a diagnosis of lead poisoning as the cause of death in the affected animals.
A search of the property revealed an old battery in a pile of scrap metal. Disappearance of blood lead was monitored in 7 asymptomatic calves (6 females and 1 bull) for a period of 9-18 months (Fig. 1D) . The halflife of blood lead fell in 2 groups. Four calves had a shorter lead half-life of 74-118 days, and a second group had a longer lead half-life of 195-308 days. The longest half-life (308 days) was found in the bull calf.
Herd 5, 1998 . The temperature of the bull that was showing neurologic signs was 39.4 C (normal range: 37.8-39.2 C), and the heart rate was 80-85 beats/minute (normal range: 40-80 beats/minute). At necropsy, a battery spine was found in the rumen of one of the bulls. All of the surviving 11 bulls tested positive for lead, with blood lead concentrations ranging from 0.06 to 1.0 ppm. An automobile battery was found along the fence line. Seven of the animals that tested positive for lead were monitored for a period of 440-550 days. Results of disappearance of blood lead in these bulls are shown in Fig. 1E . The half-life of blood lead in individual animals ranged from 143 to 2,507 days.
Herd 6, 1998 . Rumen contents contained 340 ppm ammonia (laboratory normal is Ͻ800 ppm). Of the 7 blood samples taken from the 7 surviving calves, 2 were of insufficient quantity and could not be tested for lead. Blood samples from the remaining 5 calves were positive for lead, with blood lead concentrations ranging from 0.06 to 0.71 ppm. Three of these calves (1 bull and 2 heifers) were monitored for periods of up to 300 days. The concentration of blood lead in these calves is shown in Fig. 1F . The calculated halflife of blood lead ranged from 209 to 462 days.
Discussion
Lead toxicosis is a frequently reported and wellcharacterized disease in cattle. [1] [2] [3] 7 The majority of cases of lead poisoning in Michigan are caused by accidental ingestion of parts of discarded automobile batteries. In this study, 18 of 19 farms had confirmed cases of lead poisoning caused by ingestion of discarded automobile batteries. There are a few other unique sources of lead poisoning, such as used crankcase oil. The oil becomes contaminated by lead from gasoline and petroleum-based lubricants. 5, 7 The use of leaded gasoline was banned in the US effective January 1, 1996. 12 However, by the Environmental Pro-tection Agency's definition, unleaded gasoline may contain trace amounts of lead up to 13 mg/liter. 12 If oil changes are infrequent, the oil may accumulate toxic amounts of lead over time, which could be a source of lead poisoning in cattle. In another instance, lead weights used for automobile wheel balancing caused lead toxicosis in cattle. The discarded automobile wheels with lead weights on them were used as stands for mineral blocks and were licked by curious animals, causing lead poisoning and several deaths (personal observation).
In Michigan, lead poisoning is a reportable disease. Lead-intoxicated cattle are quarantined and are released only when they test negative for blood lead (Ͻ0.05 ppm). Thus, lead-positive animals must be tested periodically until they test negative. In practice, blood lead monitoring is repeated every 3 months. However, if public health departments could predict when positive animals would test negative, costs associated with the monitoring process could be minimized. To obtain data that could be used to make such predictions, a thorough literature review of lead kinetics in cattle was conducted. However, little information about the kinetics of blood lead in cattle was found. The majority of studies had been conducted in monogastric rodent or canine species, which are physiologically different from cattle. The estimated half-life of blood lead from 2 published studies in cattle reported was 9 weeks and 1-2 months. 4, 6 Because these figures were not consistent with observations in a few cases received at the AHDL, the present retrospective study was conducted. The results show that the half-life of blood lead in accidental cases of lead poisoning is quite variable and difficult to predict.
It is difficult to predict accurately the disappearance of blood lead in cattle. In the present study, the shortest half-life was 48 days and the longest was 2,507 days, and yet both of these extremes involved a similar lead source, automobile batteries. Therefore, even with the same source of lead, the half-life of blood lead can be variable. The reasons for this variation are not known and could not be determined from this retrospective study. In general, half-lives were more similar within herds than between herds. For example, the half-lives in the 2 bull calves in herd 2 were 66 and 69 days, in herd 3 half-lives ranged from 48 to 72 days, and in herd 6 the range was 224-462 days. Closeness of halflives within herds would be expected because exposure and animal husbandry conditions are similar. However, herd 4 was an exception. Two populations of animals were identified in this herd: 4 calves that eliminated lead quickly (half-life ϭ 74-118 days) and 3 other calves that excreted lead more slowly (half-life ϭ 195-308 days). Therefore, the disappearance of blood lead in cattle was complex within this herd. Initial blood lead concentrations were similar (Fig. 1D ). The animal with the shortest lead half-life (74 days) had the highest blood lead concentration. Therefore peak blood lead concentration did not appear to be an important determinant of lead half-life. All animals were exposed to the same source of lead and belonged to the same age group (2-3 months). Therefore, differences in the lead source cannot account for the apparent differences in lead half-life. Similarly, in herd 5 (Fig. 1E) , which generally had the longest half-lives of blood lead, 1 animal eliminated lead much faster (half-life ϭ 143 days) than did the other 6 bulls, which were slow depleters (half life ϭ 257-2,507 days). All bulls in this herd were castrated, were of the same age (9 months), and were maintained under the same husbandry conditions. Despite all the common factors, for unknown reasons 1 particular animal had a much faster disappearance of blood lead than did the rest of the herd (Fig. 1E ).
There was no sex or age pattern in the half-life of blood lead. For example, 4-month-old bull calves in herd 2 had short blood lead half-lives of 66 and 69 days than did 9-month-old bull calves in herd 5, which had half-lives of 143-2,507 days. Although it could be argued that the younger animals (4 months) in herd 2 had a higher growth rate than did older calves (9 months) in herd 5, that does not explain the long halflives observed in female calves of the same age group (2-3 months) in herd 4 (Fig. 1D ). The inconsistencies in the blood lead kinetic pattern observed among cattle of the same age group in this study cannot be easily explained. In children, higher metabolic rates have been associated with higher bone turnover and faster mobilization of lead. 13 The apparent lack of sex or age pattern in blood lead half-life in this retrospective study of cattle emphasizes the importance of continuous monitoring of blood lead to ensure the safety of the food chain until predictive models are developed.
The absorption, distribution, storage, and elimination of lead in vivo depend on several factors, such as the chemical form of the lead and the age and physiologic conditions of the animal. Only a small amount (about 1-2%) of ingested inorganic lead is absorbed. 7 Although specific data on the gastrointestinal (GI) absorption of lead alkyls in animals are not available, the similarity of these alkyls to organotin compounds, which are quantitatively absorbed, argues for extensive (GI) absorption. 13 Young animals tend to absorb more lead than do adults. The absorbed lead is rapidly distributed to soft tissues, e.g., liver and kidneys. 9, 13 During this initial phase, blood lead concentration is reflective of the recent lead ingestion. 9 In the second phase, lead is redistributed from soft tissues to bone. In all phases, lead is excreted through feces, urine, and milk. When soft tissue lead is depleted, lead from bone is mobilized, circulated, and excreted. 13 In lactating an-imals, a small fraction of lead is also excreted through milk. 3 Factors that enhance bone turnover, such as rapid metabolic rates associated with growth or lactation, are presumed to enhance elimination of lead from the body. 4, 13 Most of this knowledge on lead kinetics was acquired from studies involving monogastric animals and soluble salts of lead. Results of this retrospective study show that the disappearance of blood lead in ruminants that have accidentally ingested lead is different from that of monogastric animals. In poisoned ruminants, parts of batteries containing lead may have been retained in the rumen for long periods of time and may have been a source of continued absorption of lead over a long period in some of the animals in herds 4 and 5. In addition, lead mobilized from bone could have been a continuous source of blood lead. Mobilization of lead from bone has been shown in humans exposed to large amounts of lead in the workplace. In this segment of the population, lead mobilized from the skeleton was responsible for high blood lead levels for periods of years after cessation of lead exposure. 13 In this retrospective study, some animals in herd 5 have continued to test positive for blood lead for Ͼ2 years.
In the animals exposed to crankcase oil, the chemical nature of the lead was not determined, but it is presumably organic, e.g., tetraethyl lead, because organic lead compounds were used as gasoline additives in the past. 5, 7 If lead absorption was percutaneous, the chemical form of the lead in the oil must have been organic because inorganic lead does not traverse the skin. 5, 13 Although the source of lead exposure was removed soon after the problem was identified, it was not clear whether the animals were washed to remove any lead already on the skin. If the animals were not washed, absorption of lead would have continued both percutaneously and orally, through mutual grooming. Overall, in comparison to animals sugesting lead batteries, calves exposed topically to lead in crankcase oil had some of the longest blood lead half-lives (209-482 days). The reasons for the prolonged lead halflives in this herd are not known with certainty, but continued absorption from the skin and possible partitioning of organic lead to fat, brain, and bone may have been factors. The bull calf had a blood lead disappearance pattern similar to that of the heifers, suggesting that sex of the animal was not an important factor (Fig. 1F) .
Lead is excreted through milk. 4, 6 Although the fraction of lead excreted in milk is small compared with that excreted by other routes, the 3 lactating heifers (Fig. 1C) had shorter blood lead half-lives (48-57 days) than the nonlactating heifer in the same herd (74 days). Overall, the lactating heifers had the shortest blood lead half-lives of all the cows in the study. Un-fortunately, the lead concentration in the milk was not determined. Therefore, the contribution of this route in the excretion of lead could not be determined. Because milk is not a major excretory route for lead, 6 it is not clear how the physiologic process of lactation enhances removal of lead from the circulation. Lactation may enhance mobilization of lead from bone, but the mobilized lead may be excreted predominantly via other excretory routes, such as urine and feces, which would explain the faster elimination of lead despite the small amount of lead actually excreted in milk.
The half-life of blood lead in cattle accidentally exposed to lead varied tremendously between animals within and between herds. Blood lead half-lives ranged from 48 to 2,507 days and were shortest in 20-monthold lactating heifers (48-57 days) and longest in a herd of 9-month-old castrated bulls (143-2,507 days). Only 38% of cattle monitored had a blood lead half-life (6-14 weeks) close to that reported in the literature (9 weeks); the rest had much longer half-lives. The halflife of blood lead is difficult to predict in cases of accidental lead poisoning in cattle. At present, the best approach to protecting the public from ingesting leadcontaminated meat and milk products is to perform blood tests on poisoned animals. Further studies are needed to understand the reasons for the wide variability of blood lead kinetics in accidental lead poisoning in cattle and other ruminant species and to develop predictive models for lead elimination.
